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FOREWORD 


This  technical  report  documents  wind  tunnel  tests  and  preliminary 
data  analyses  which  were' conducted  from  1 July  1975  to  31  October  1976, 
under  a program  to  investigate  the  rolling  motion  of  cruciform  canard- 
control  missiles  at  moderate  angles  of  attack. 

This  work  was  supported  by  Mr.  W.  C.  Volz  of  the  Naval  Air  Systems 
Command  (AIR-320C)  under  AIRTASK  A03W-350D/004B-6F32-300-000. 

The  Army  Air  Mobility  Research  and  Development  Laboratory,  Moffet 
Field,  California,  provided  testing  facilities  and  personnel  for  the 
wind  tunnel  tests. 

Timely,  successful  completion  of  the  tests  was  due  to  Ms.  G.  A. 

Laub,  test  engineer,  and  the  other  staff  members  of  the  Army  Air  Mobility 
Research  and  Development  Laboratory.  Critical  repairs  to  the  test  equipment 
were  made  by  -nembers  of  the  NASA,  Ames  Research  Laboratory  staff.  Photo- 
graphic support  was  provided  by  W.  A.  Shipman,  Naval  Surface  Weapons 
Center,  Dahlgren  Laboratory  (NSWC/DL) , Photographic  Laboratory,  Dahlgren, 
Virginia. 

Mr.  R.  E.  Meeker,  Naval  Weapons  Center  (NWC) , China  Lake,  California, 
provided  valuable  consultation  and  advice  during  the  tests. 

This  report  was  reviewed  for  technical  accuracy  and  approved  by 
Mr.  Prank  Stevens,  Aeromechanics  Branch,  Dr.  Frankie  G.  Moore,  Head, 
Aeromechanics  Branch,  and  Mr.  Herman  Caster,  Head,  Exterior  Ballistics 
Division  of  the  Warfare  Analysis  Department. 


Released  by: 


RALPH  A.  NIEMANN,  Head 
Warfare  Analysis  Department 
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INTRODUCTION 


The  work  presented  herein  is  part  of  a joint  program  with  the  Naval 
Weapons  Center  (NWC) , China  Lake,  California,  to  improve  the  methods  of 
predicting  the  rolling  motion  of  non-roll-controlled  guided  missiles. 

Improved  prediction  of  rolling  motion  may  simplify  guidance  systems  and 
provide  some  further  insight  into  the  roll  characteristics  of  canard- 
control  missiles  that  fly  at  high  angles  of  attack. 

The  specific  objective  of  the  Naval  Surface  Weapons  Center  (NSWC) 
in  this  program  is  to  experimentally  determine  dynamic  roll  moment  coefficients 
(roll  damping)  of  a cruciform,  canard-control  missile  airframe.  The 
experimental  data  are  to  be  used  by  NWC  to  evaluate  NWC-sponsored  prediction 
techniques  of  roll  damping  characteristics  of  cruciform,  canard-control 
missiles.  The  experimental  data  will  serve  as  a data  base  for  comparison 
with  "theory." 

NSWC  had  previously  developed  the  analysis  tools  needed  to  extract 
static  and  dynamic  roll  moment  coefficients  as  a function  of  angle  of 
attack  from  experimental  angular  roll  data.  A "global"  nonlinear  least- 
squares  fitting  procedure  was  developed  to  extract  nonlinear  roll  moment 
coefficients  from  single-degree-of-freedom  rolling  motion  data.  The 
equation  of  motion  used  in  the  procedure  was  developed  for  cruciform- 
finned  (body  plus  tail)  missile  configurations.  The  fitting  procedure 
and  the  equation  of  motion  were  used  successfully  to  extract  nonlinear 
roll  coefficients  of  cruciform- finned  and  wrap-around-finned  missile 
configurations.  It  seemed  logical  to  extend  the  fitting  procedures 
to  more  complex  configurations  such  as  the  canard-control  configuration, 
even  though  the  equation  of  motion  was  not  specifically  developed  for 
guided-missile  configurations. 

NSWC  was  tasked  to  conduct  wind  tunnel  tests  and  analyze  part 
of  the  test  data  in  Fiscal  Years  76  and  TQ.  Only  the  test  data  for 
the  body  plus  canard  plus  tail  configuration  (with  0-deg  deflections) 
were  analyzed  during  the  past  year.  This  technical  report  summarizes 
the  work  performed  in  Fiscal  Years  76  and  TQ. 


EQUATION  OF  MOTION 

The  "global"  nonlinear  least-squares  fitting  procedure  used  to 
extract  the  nonlinear  roll  moment  coefficients  requires  a second-order 
nonlinear  differential  equation  of  motion  which  contains  adequate  coeffi- 
cients to  describe  the  roll  characteristics  of  the  test  configuration  in 
order  to  fit  the  observed  data.  To  the  writer’s  knowledge,  there  has 
been  no  complete  formulation  of  a pure  rolling  equation  of  motion  for 
a canard-control  missile  at  high  angles  of  attack.  Therefore,  it  was 
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decided  to  use  the  equation  of  motion  developed  for  the  cruciform 
body  plus  tail  configuration  (Reference  1).  This  previously  developed 
equation  was  thought  to  be  adequate  for  canard-control  configurations 
which  have  90-deg  roll  symmetry.  It  was  assumed  that  the  body  plus 
canard  plus  tail  configuration  with  0-deg  deflections  would  exhibit 
rolling  motion  characteristics  similiar  to  cruciform  body  plus  tail 
configurations. 

The  basic  characteristics  of  free  rolling  motion  of  cruciform  body 
plus  tail  were  described  by  Nicolaides  in  References  2 and  3.  The  basic 
characteristics,  "linear"  rolling  motion,  roll  "slow-down,"  roll  "lock- 
in,"  roll  "break-out,"  and  roll  "speed-up"  occur  as  the  missile's  angle 
of  attack  increases  from  0 to  90  deg.  Figure  1 shows  the  .oil  characteristics 
as  a function  of  angle  of  attack  for  a typical  cruciform-finned  missile 
with  fin  cant  at  low  subsonic  speeds.  In  this  wind  tunnel  case,  the 
missile  has  only  a roll  degree-of-freedom.  Therefore, 


P = 


Y 


where  Y is  the  roll  orientation. 


ANGLE  Of 
ATTACK 


Figure  1.  Characteristic  Rolling  Motion  of  a Cruciform-Finned 
(Body  Plus  Tail)  Missile 
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The  "linear"  rolling  motion  occurs  at  small  angles  of  attack. 

The  steady-state  roll  rate  is  invariant  with  changes  in  the  angle  of 
attack  in  the  "linear"  region.  The  magnitude  of  the  steady-state  spin 
rate  is  proportional  to  the  fin  cant  and  the  roll  damping  is  considered 
to  be  a linear  function  of  spin  rate  at  low  spin  rates  near  the  steady- 
state  spin  rate.  However,  at  very  high  spin  rates,  the  damping  may 
be  a nonlinear  function  of  spin  rate.  The  classical  equation  of  rolling 
motion  at  a particular  angle  of  attack  in  the  "linear"  region  is; 
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Equation  (1)  is  considered  adequate  to  describe  the  rolling  motion  in 
the  "linear"  region  at  low  spin  rates. 

As  the  angle  of  attack  is  increased  from  the  "linear"  region  where 
the  steady-state  roll  rate  is  independent  of  the  angle  of  attack,  the 
steady-state  spin  rate  decreases.  The  "slow-down"  in  the  steady-state 
spin  rate  is  caused  because  the  ratio  of  the  fin  cant  moment  to  the 
roll  damping  moment  is  decreased.  The  decrease  in  this  ratio  may  be 
due  to  a loss  in  fin  cant  moment  effectiveness  due  to  the  angle  of  attack 
or  an  increase  in  the  roll  damping  moment  due  to  the  angle  of  attack 
or  both.  The  classical  equation  of  rolling  motion.  Equation  (1),  is  still 
adequate  to  describe  the  rolling  motion  at  angles  of  attack  in  the  roll 
"slow-down"  region.  As  mentioned  before,  at  high  spin  rates  the  damping 
may  be  a nonlinear  function  of  spin  rate. 

As  the  angle  of  attack  increases  from  the  roll  "slow-down"  region, 
roll  "lock-in"  occurs.  Roll  "lock-in"  is  characterized  by  oscillatory 
rolling  motion  about  a roll  trim  angle.  T^ie  amplitude  of  the  oscillatory 
motion  is  less  than  +45  deg  from  the  roll  trim  angle.  The  amplitude  may 
damp  at  the  lower  angles  of  attack  in  the  "lock-in"  region.  At  higher 
angles  of  attack  within  the  "lock-in"  region,  the  amplitude  of  roll 
oscillations  may  be  constant.  Depending  upon  the  initial  roll  conditions, 
a missile  with  fin  cant  at  a particular  angle  of  attack  within  the  "lock- 
in"  region  may  exhibit  a non-zero,  steady-state  spin  rate  as  well  as 
"lock-in."  I Icolaides  showed  in  Reference  3 that  the  induced  rolling 
moment,  which  varies  as  a function  of  missile  angle  of  attack  and  roll 
orientation,  causes  the  oscillatory  rolling  motion.  The  induced  roll 
moment  coefficient  for  a cruciform  missile  at  a particular  angle  of 
attack  was  defined  as: 


(2) 
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However,  Daniels  in  Reference  4 found  that  the  induced  roll  moment 
coefficient  was  better  described  by  the  Fourier  sine  series; 


C,(Y) 


(3) 


Equation  (3)  with  higher-order  terms  was  adequate  to  describe  the 
induced  rolling  moment  at  angles  of  attack  from  0 deg  up  to  90  deg.  The 
amplitude  of  the  induced  roll  moment  generally  increases  with  the  angle 
of  attack.  For  "lock-in"  to  occur,  the  induced  roll  moment  must  balance 
the  fin  cant  moment.  The  roll  angle  at  which  this  balance  occurs  is 
the  roll  trim  angle.  The  roll  trim  angle  varies  with  the  angle  of  attack 
because  of  variation  in  the  induced  rolling  moment  and  the  fin  cant 
moment.  In  the  "lock-in"  region  the  roll  oscillations  are  dynamically 
stable;  however,  as  the  angle  of  attack  is  increased,  the  roll  oscillation 
becomes  unstable  and  the  amplitude  of  the  oscillations  grows  about  a 
roll  trim  angle  until  the  missile  "breaks-out"  and  rolls  at  a steady- 
state  rate.  The  region  where  the  oscillations  are  dynamically  unstable 
and  the  steady-state  rates  are  high  is  referred  to  as  roll  "speed-up." 
Figure  1 shows  that  at  low  angles  of  attack  within  the  roll  "speed- 
up" region,  roll  "breaK-out"  occurs  only  in  the  spin  direction  of  the 
fin  cant.  At  higher  angles  of  attack,  the  roll  "break-out"  occurs  in 
both  the  positive  and  negative  spin  directions;  however,  the  roll  "speed- 
up" steady-state  rates  are  higher  in  the  direction  of  the  fin  cant. 

If  a missile  does  not  have  fin  cant,  then  the  missile  "breaks-out"  in 
both  positive  and  negative  directions  at  the  same  angle  of  attack  and 
the  steady-state  roll  rates  in  the  roll  "speed-up"  region  are  equal. 
Daniels  showed  in  Reference  4 that  the  motion  in  the  roll  "speed-up" 
region  could  be  explained  by  using  a roll  damping  torque  that  is  a cubic 
function  of  spin  rate.  Figure  2 shows  that  undamping  (positive  damping) 
occurs  at  spin  rates  less  than  the  steady-state  spin  rate  so  the  missile 
"breaks-out"  and  "speeds-up"  to  the  steady-state  spin  rate.  If  the 
missile  is  forced  to  spin  at  rates  above  the  steady-state  rate  where 
the  roll  damping  is  negative,  then  the  missile  will  slow  down  to  the 
steady-state  spin  rate.  Daniels  (Reference  4)  assumed  that  the  damping 
coefficient  at  a particular  angle  of  attack  could  be  expressed  as  a 
Taylor  series  whose  coefficients  depend  on  the  odd  powers  of  spin  rate; 


c,(p) 


(4) 


where  j = 1,3,5,. ..,<». 

Using  superposition  of  forces  (Reference  3) , the  fin  cant  moment, 
Fourier  series  for  the  induced  moment,  and  the  Taylor  series  for  roll 
damping  are  combined  into  a more  general  differential  equation. 
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(5)* 


YI 

= C (a)6  + Z C (a)Y^  sin(4ky  + l/2jir)  . 
^6  jk  ^jk 


ROLL  DAMPING 
MOMENT  COEFFICIINI 
C (71 


Figure  2.  Roll  Damping  Moment  Coefficient  in  the  Roll 
"Speed-Up"  Region 


Equation  (5)  describes  the  rolling  motion  of  a cruciform-finned  missile 
at  angles  of  attack  from  0 through  90  deg.  It  is  important  to  note  that 
true  steady-state  spin  rates  exist  only  at  0 deg  or  very  small  angles 
of  attack  where  the  induced  moment  is  negligible.  At  higher  angles  of 
attack,  the  roll  rates  approach  quasi-steady-state  roll  rates  because 
the  induced  roll  moment  is  periodic. 

Cohen  and  Clare  in  Reference  1 modified  Equation  (5)  so  that  it 
could  be  incorporated  into  a computer  program  which  uses  the  "global" 
nonlinear  least-squares  procedures  to  extract  roll  moment  coefficients. 


* Equation  (5)  is  due  to  Dr.  C.  J.  Cohen,  Research  Associate  for  the 
Warfare  Analysis  Department,  Naval  Surface  Weapons  Center,  Dahlgren 
Laboratory,  Dahlgren,  Virginia. 
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Cohen,  Clare,  and  Stevens  in  Reference  5 then  modified  the  differential 
equation  to  include  mass  and/or  aerodynamic  asymmetry  terms.  The  modified 
equation  became: 


The  correspondence  between  the  aerodynamic  coefficients  in  Equation 
(6)  (Cji^  and  Sjj^)  and  more  conventional  nomenclature  used  in  Equation 
(5)  is  shown  in  Table  1. 

Table  1.  Aerodynamic  Roll  Moment  Coefficient  Correlation* 


Coefficient 


Conventional 

Nomenclature 

Computer  Program 
Nomenclature 

Description 

o 

o 

o 

Fin  cant  roll  moment  coefficient 

* 

«(4y) 

Si 

Variation  of  fin  cant  moment 
Coefficient  with  roll  angle 

6(8y) 

S2 

~6(12y) 

S3 

C , 

6(4Ky) 

Sk 

♦All  coefficients  are  a function  of  the  missile’s  angle  of  attack. 
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Table  1.  Aerodynamics  Roll  Moment  Coefficient 
7.orrelat'on*  (Continued) 


Coefficient 

Conventional  CoropMter  ftogram 

Nomenclature  Nomenclatuie  Description 


'10 


Linear  roll  dancing  moment  coefficient 


» 2 
P 


20 


Quadratic  roll  damping  moment  coefficient 


'£  3 
P 


'30 


Cubic  roll  damping  moment  coefficient 


'DO 


jth  order  roll  damping  moment  coefficient 


P(4y) 


P(8'r) 


11 


'12 


Variation  of  linear  roll  damping 
Moment  coefficient  with  roll 
Angle 


P(12y) 


'13 


p(4kY) 


'IK 


~i(4r) 


01 


Induced  rolling  moment  coefficients 


'iUSY)' 


02 


'<1(12y) 


'03 


-i  (4Ky) 


OK 


C Roll  asymmetry  coefficients 

(Combinations  of  aerodynamic 
^ and  mass  asymmetry  constants) 

as 


♦All  coefficients  are  a function  of  the  missile's  angle  of  attack. 
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CONFIGURATIONS  AND  TEST  CONDITIONS 


Figure  3 shows  a sketch  of  the  basic  missile  configuration  used 
in  this  test.  This  configuration  was  recommended  by  NWC. 

The  three-inch  model  used  in  this  test  had  canards  and  tail  fins 
with  planar  cross  sections  and  rounded  leading  edges.  The  model  was 
designed  so  that  body  build-up  configurations  (body  plus  canards,  body 
plus  tail,  and  body  plus  canard  plus  tail)  could  be  tested.  The  body 
build-up  configurations  were  tested  to  determine  the  contribution  of 
the  canards,  tails,  and  canard-tail  interference  to  the  roll  damping 
torque.  The  individual  canards  were  adjusted  to  fixed  deflection  angles 
during  testing.  Five  different  canard  deflection  patterns  were  selected 
to  approximate  missile  canard  deflections  during  different  maneuvers. 

The  patterns  chosen  included  0-deg  deflection  and  deflections  to  provide 
roll  torque,  pitch  control,  roll  torque  with  pitch,  and  off-axis  pitch 
control.  Two  sets  of  tail  fins  provided  0-  and  5-deg  fin  cant  roll  torque. 
Table  2 gives  the  canard  and  tail  fin  deflection  used  on  each  of  the 
17  body  build-up  configurations.  Figure  3 shows  the  canard-control 
missile  configuration  dimensions.  The  nomenclature  and  sign  convention 
for  the  canard  and  tail  deflections  is  shown  in  Figure  4.  The  model 
was  mounted  on  a free-rolling  air  bearing  which  had  negligible  friction 
eliminating  bearing  friction  force  in  the  analysis  of  the  test  data. 


Figure  3.  Canard-Control  Missile  Configuration  Dimensions 
(Body  Plus  Canard  Plus  Tail) 
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Figure  4,  Nomenclature  and  Sign  Conventions  for 
Canard  and  Tail  Deflections 


The  tests  were  conducted  in  the  7 x 10  ft  low-speed  wind  tunnel 
of  the  Army  Air  Mobility  Research  and  Development  Laboratory,  Moffet 
Field,  California.  The  air  bearing  that  supported  the  model  was  mounted 
on  a general  purpose  sting.  Although  the  sting  was  capable  of  providing 
combinations  of  pitch,  yaw,  and  roll  angles,  the  sting  was  programmed 
to  provide  only  yaw  in  the  horizontal  plane.  The  yaw  angle  is  the  total 
angle  of  attack;  therefore,  no  distinction  is  made  between  them.  Each 
configuration  was  tested  at  angles  of  attack  from  0 through  30  deg  in 
5-deg  increments.  The  angle  of  attack  was  fixed  during  each  data  run. 


1C 


The  rolli  ig  motion  of  the  model  was  recorded  using  a high-speed  movie 
camera.  The  camera  was  equipped  with  a timing  generator  which  provided 
precise  timing  marks  on  the  film  records  at  the  rate  of  ten  marks  per 
second.  The  lens  of  the  camera  was  mounted  on  a flexible  fiber  optics 
cable  so  that  the  centerline  of  the  lens  could  be  mounted  closer  to  the 
model's  axis  of  rotation.  The  fiber  optics  cable  also  allowed  the  camera 
to  be  r.ioved  further  downstream  from  the  model.  The  trailing  edges  of  the 
canards  and  tail  fins  were  coded  so  that  the  roll  orientation  of  the  model 
could  be  determined  from  the  movie  film.  The  film  provided  roll  orien- 
tation versus  time  data.  The  lens  and  movie  camera  were  mounted  on  the 
sting  so  that  they  moved  in  pure  yaw,  always  pointing  parallel  to  the 
model's  roll  axis.  A photograph  of  the  test  equipment  is  shown  in 
Figure  5. 


Figure  5.  Wind  Tunnel  Model  in  Army  Air  Mobility  Research  and 
Development  Laboratory's  7 x 10  fr  Wind  Tunnel 


11 


- . 


I 


To  obtain  proper  rolling  motion,  the  initial  conditions  of  the  missile 
must  be  controlled.  A solenoid-actuated  pin  at  the  base  of  the  missile 
locked  the  missile  at  a fixed  roll  angle  until  the  wind  tunnel  test 
conditions  had  stabilized.  At  the  beginning  of  a test  run,  the  pin 
was  pulled,  unlocking  the  model  to  roll  freely.  In  other  runs,  the 
missile  was  spun-up  to  a high  spin  rate  at  the  beginning  of  the  test. 

An  external  jet  of  air  was  created  by  a nozzle  on  the  end  of  a long 
pressurized  pipe.  The  pipe,  referred  to  as  a wand,  was  used  to  position 
the  air  jet  so  that  it  blew  against  the  model's  fins  spinning  the  model 
up.  When  the  model  reached  adequate  spin  rates,  the  wand  was  withdrawn 
from  the  flow  field  in  the  wind  tunnel,  thus,  beginning  the  run.  The 
wand  was  used  (with  the  air  jet  cut  off)  to  manipulate  the  model  to 
find  roll  "lock-in"  phenomena. 

The  wind  tunnel  was  operated  at  a dynamic  pressure  (Q)  of  approxi- 
mately 15  psf  (718.2  Pa)  due  to  the  load  limitations  of  the  air  bearing. 

The  nominal  velocity  of  the  tests  was  about  113  ft/s  (34.44  m/s).  The 
exact  flow  conditions  in  the  tunnel  at  the  time  of  each  data  run  were 
recorded  by  an  auxiliary  computer. 

The  initial  conditions  of  each  run  depended  on  the  configuration 
and  the  type  of  motion  the  configuration  exhibited  at  the  particular 
angle  of  attack  of  the  run.  Configurations  with  tail  fir.  cant  and/or 
canard  cant  that  exhibited  steady-state  toll  rates  used  the  solenoid  pin 
to  hold  the  model  at  Yq  “ 0-deg  roll  orientation  until  the  tunnel  was 
stabilized  at  the  test  conditions.  Then  the  camera  was  turned  on  and 
the  pin  was  pulled.  The  camera  photographed  the  missile  as  it  spun- 
up  to  a steady-state  rate.  If  oscillatory  motion  was  observed,  then 
various  roll  orientations  were  used  as  initial  conditions  to  explore 
the  rolling  motion  for  dual  modes,  "lock-in,"  and  roll  oscillations. 

Roll  oscillations  were  needed  to  extract  the  induced  roll  moment  coeffi- 
cients. If  a configuration  did  not  exhibit  a steady-state  roll  rate, 
then  the  model  was  spun-up  using  the  air  jet  on  the  wand.  When  the 
tunnel  was  running  at  test  conditions  and  the  model  was  spun-up  to  an 
adequate  rate,  the  wand  was  withdrawn  from  the  wind  tunnel  just  before  the 
camera  was  turned  on.  The  camera  was  not  stopped  until  the  motion  of  the 
missile  stopped  or  the  motion  reached  a quasi-steady-state  rate. 

Appendix  A contains  a run  log  for  the  wind  tunnel  test.  The  log 
includes  configuration  canard  and  tail  deflections,  tunnel  flow  conditions, 
angle  of  attack,  initial  conditions,  and  remarks  about  the  rolling  motion 
of  configuration  for  each  run. 
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DISCUSSION  OF  WIND  TUNNEL  DATA 


The  results  of  the  wind  tunnel  tests  included  approx imat*»ly  350 
data  runs  that  were  recorded  by  high-speed  movie  film  and  a run  log 
documenting  test  conditions  for  these  runs.  Repeat  runs  were  conducted 
and  are  included  in  the  350  runs.  The  film  data  were  reduced  to  roll 
orientation  versus  frame  number  by  digitizing  the  roll  angle  on  each 
frame.  Timing  marks  were  also  read  so  that  the  frame  number  could  be 
converted  into  time.  Because  of  funding  limitations,  only  seven  data 
runs  were  digitized  and  analyzed.  The  body  plus  canard  plus  tail  configuration 
with  0-deg  control  deflections  was  selected  for  analysis  because  it 
is  a complete,  simple,  symmetric  configuration  which  is  more  amenable 
to  theoretical  analysis.  Figures  6 through  12  show  the  roll  orientation 
versus  frame  number  for  the  configuration,  covering  the  angle-of-attack 
range  from  0 to  30  deg.  The  roll  orientation  angle  is  shown  on  a scale 
from  0 to  360  deg  to  produce  a useful  size  graph. 

Since  this  configuration  did  not  possess  intentional  fin  cant,  the 
missile  was  spun-up  and  then  allowed  to  damp  at  each  angle  of  attack. 

At  angles  of  attack  0 and  5 deg,  the  missile  damped  to  a small  steady- 
state  rate  due  to  some  unintentional  asymmetry  which  produced  a small 
roll  torque.  The  consistent  decay  of  spin  rate  to  a small  steady-state 
spin  rate  is  predicted  by  linear  theory  (Equation  (1)).  At  angles  of 
attack  from  10  to  25  <jeg,  the  missile’s  spin  rate  decays  until  the  missile 
exhibits  damped  roll  oscillation  about  a roll  trim  angle  (lock-in) . The 
fluctuation  in  the  spin  rate  every  90  deg  and  the  preferred  roll  orientation 
indicate  the  presence  of  the  induced  roll  moment.  The  motion  is  similar 
to  the  rolling  motion  that  the  cruciform  body-tail  missile  exhibited  in 
the  "lock-in"  region.  The  frequency  of  the  roll  oscillations  indicates 
that  the  induced  roll  moment  increases  with  increasing  angles  of  attack. 

At  a 30-deg  angle  of  attack,  the  missile  spin  rate  decays  until  oscillatory 
motion  begins;  however,  the  oscillatory  motion  does  not  damp.  This 
motion  is  neither  roll  "lock-in"  nor  "speed-up."  Similar  motion  was 
observed  and  documented  for  the  cruciform  body-tail  missile  in  Reference  6. 
Thus,  it  appears  that  the  motion  of  the  body  plus  canard  plus  tail  con- 
figuration with  0-deg  deflection  is  similar  to  the  motion  exhibited  by 
a cruciform  body  plus  tail  configuration.  For  this  reason.  Equation  (6) 
was  used  as  the  equation  of  motion  for  the  canard  missile  configuration 
in  the  procedure  to  extract  the  nonlinear  roll  moment  coefficients. 
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Figure  9.  Observed  Roll  Angle  Versus  Frame 
Number  for  Body  Plus  Canard  Plus 
Tail  Configuration  With  0-deg 
Deflections  at  15-deg  Angle  of 
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Figure  10.  Observed  Roll  Angle  Versus  Frame 
Number  for  Body  Plus  Canard  Plus 
Tail  Configuration  With  0-deg 
Deflections  at  20-deg  Angle  of 
Attack 
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Figure  11.  Observed  Roll  Angle  Versus  Frame 
Number  for  Body  Plus  Canard  Plus 
Tail  Configuration  With  0-deg 
Deflections  at  25-deg  Angle  of 
Attack 


ROLL  MOMENT  COEFFICIENT  EXTRACTION 


The  "global"  nonlinear  least-squares  procedure  fits  the  roll  equation 
of  motion  (Equation  (6))  to  segmented  observed  rolling  motion  data.  The 
fitting  process  requires  the  variation  of  the  sum  of  the  squares  of  the 
residuals  (oetween  observed  and  computed  roll  angles)  with  respect  to 
perturbed  coefficients  to  vanish.  The  coefficients  are  incremented 
in  an  iterative  fashion  until  the  sum  of  the  squares  of  the  residuals 
converge.  The  observed  data  was  divided  into  segments.  The  segment 
size  was  made  as  large  as  possible,  but  small  enough  to  allow  convergence 
during  both  "local"  and  "global"  fitting.  Equation  (6)  is  fit  "locally" 
to  each  of  the  observed  data  segments  using  constant  best  estimate  roll 
moment  coefficients  to  determine  initial  conditions  (roll  angle  and 
roll  rate)  for  that  segment.  The  initial  conditions  are  determined 
for  each  segment  independent  of  the  other  segments.  All  of  the  observed 
data  segments  are  fit  "globally"  to  obtain  a new  set  of  roll  moment 
coefficients  and  new  initial  conditions  for  each  segment.  Discontinuities 
or  jumps  occur  in  the  computed  roll  rate  and  roll  angle  between  the 
segments.  The  jumps  are  needed  because  the  sum  of  the  square  of  the 
residuals  may  become  too  large  for  convergence  when  the  data  is  fit 
over  a long  time  period.  The  large  residuals  may  be  due  to  truncation 
of  the  equation  of  motion,  unmodeled  turbulence,  or  other  unmodeled 
transients  in  the  wind  tunnel.  The  jump  in  roll  angle  and  roll  rate 
due  to  independent  initial  conditions  of  a segment  allow  a restart  of 
the  motion  in  regions  where  the  rolling  motion  is  sensitive  to  accumulated 
error  of  roll  angle  and  roll  rate.  Estimates  of  the  fin  cant  moment 
coefficient,  linear  roll  damping,  and  induced  roll  moment  coefficient 
were  used  to  begin  the  fitting  process.  Estimates  of  the  initial  roll 
angle  and  roll  rate  for  each  segment  were  estimated  from  the  observed 
data.  Once  a fit  was  obtained,  additional  coefficients  were  included 
until  all  cf  the  desired  coefficients  were  obtained  or  until  the  fitting 
procedure  would  not  converge.  Then  the  segments  were  made  as  long  as 
possible  while  allowing  convergence.  Lcjrge  segments  were  desired  so 
that  the  inaccuracy  in  the  aerodynamic  coefficients  due  to  the  jumps 
in  the  segments'  initial  condition  would  be  minimized.  These  techniques 
were  applied  to  each  data  run  until  a set  of  roll  moment  coefficients 
were  obtained  at  each  angle  of  attack. 

The  method  and  equations  employed  in  the  "global"  nonlinear  least- 
squares  fitting  procedure  are  contained  in  detail  in  References  1 and 
5.  Description  of  the  computer  program  utilizing  the  fitting  technique 
to  extract  the  roll  moment  coefficients  is  presented  in  Reference  7. 
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DISCUSSION  OF  RESULTS 


Five  aerodynamic  coefficients  were  considered  in  fitting  the  seven 
data  runs  of  the  body  plus  canard  plus  tail  configuration  with  0-deg 
deflections.  The  coefficients  included  fin  cant,  linear  damping,  induced 
roll  moment,  and  the  toll  asymmetry  terms.  Two  additional  higher  order, 
induced  roll  moment  coefficients  were  extracted  from  the  run  at  30-deg 
angle  of  attack  because  of  the  oscillatory  data  in  that  run.  Five 
coefficients  were  thought  to  be  adequate  to  describe  the  motion  exhibited 
in  the  data  runs.  Higher  order  roll  damping  coefficients  were  not  extracted 
since  these  coefficients  are  usually  determined  from  roll  "speed-up" 
data.  Figures  13  through  19  show  compariso.i  plots  of  the  observed  and 
computed  roll  angle  data  for  the  seven  angles  of  attack.  Comparison 
of  Figures  6 through  12  and  Figures  13  through  19,  respectively,  shows 
the  correlation  between  frame  number  and  time.  The  computed  curves  were 
calculated  using  the  extracted  coefficients.  The  small  lines  drawn  normal 
to  the  computed  curves  indicate  segment  locations.  The  plots  show  that 
there  is  good  agreement  between  the  observed  and  computed  roll  angles 
considering  the  small  number  of  segments  used.  In  Figure  14,  a portion 
of  data  is  missing  due  to  a camera  malfunction;  however,  the  results 
are  not  significantly  affected  since  the  data  were  segmented  around 
the  gap  in  the  data.  Better  fits  could  have  been  obtained  in  Figures 
17  and  18  by  adding  higher  order  induced  and  damping  terms  (e.g.,  Sq2' 

®03'  ^11'  ^12^' 

Figure  20  presents  a com.parison  plot  of  the  extracted  and  predicted 
linear  roll  damping  coefficients  as  functions  of  angle  of  attack.  The 
predicted  roll  damping  coefficient  values  were  taken  from  Reference  8. 

The  experimental  and  predicted  values  compare  favorably  at  all  angles 
of  attack  except  30  deg.  A decrease  in  roll  damping  would  be  expected 
since  the  roll  damping  of  a cruciform  body  plus  tail  missile  becomes 
positive  in  the  roll  "speed-up"  region.  The  roll  "speed-up"  region 
may  begin  at  a 45-deg  angle  of  attack  in  some  cruciform  body  plus  tail 
configurations.  Amplitudes  of  the  oscillatory  motion  in  Figure  19, 
also,  indicate  that  the  damping  is  nearly  zero. 
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Fiqure  13.  Comparison  of  Observed  and  Computed 
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Pius  Tail  Configuration  With  0-deg 
Deflections  at  0-deg  Angle  of  Attack 
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ESTIMATED  DATA  ~ NWC  TN-4063-251 


Figure  20,  Comparison  of  Predicted  and  Experimental  Linear  Roll 

Damping  Moment  Coefficients  for  Body  Plus  Canards  Plus 
Tail  Configuration  With  0-deg  Deflections 


The  extracted  fin  cant  moment  coefficient  versus  angle  of  attack 
is  shown  in  Figure  21.  These  results  appear  reasonable  at  angles  of  attack 
from  0 through  15  deg  because  a small  positive  roll  torque  was  observed. 

The  results  obtained  for  the  fin  cant  coefficient  (Cjig6)  at  higher  angles 
of  attack  were  unexpected  and  no  explanation  is  presented  for  these 
results. 

Figure  22  shows  that  the  induced  roll  moment  coefficient  iCi[4y)  ) gener- 
ally increases  with  the  angle  of  attack.  An  error  is  present  in  the  data 
point  at  a 0-deg  angle  of  attack.  The  induced  roll  moment  should  be  0 
at  0-deg  angle  of  attack.  The  absence  of  0-deg  oscillatory  type  motion  in 
the  observed  data  at  0-deg  angle  of  attack  (shown  in  Figure  13)  indicates 
that  the  induced  roll  moment  is  zero.  The  error  may  have  occurred  because 
there  was  no  oscillatory  data.  The  small  negative  value  for  the  induced 
roll  moment  coefficient  at  a 5-deg  angle  of  attack  is  expected  since 
the  cruciform  body  plus  tail  configuration  in  Reference  3 exhibited 
similar  small  negative  values  at  small  angles  of  attack. 


30 


INDUCED  STATIC  ROLL  MOMENT 


Figure  21.  Experimental  Fin  Cant  Moment  Coefficients  for  Body 
Plus  Canard  Plus  Tail  Configuration  with  0-deg 
Deflections 
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Figure  22.  Experimental  Induced  Static  Roll  Moment  Coefficients  for 
Body  Plus  Canard  Plus  Tail  Configuration  with  0-deg 
Deflections 
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SUMMARY  AND  FUTURE  PLANS 


Subsonic  free-rolling  wind  tunnel  tests  have  been  conducted  on 
17  canard  missile  configurations.  Wind  tunnel  data  have  been  reduced 
to  roll  angle  versus  frame  number  for  seven  data  runs  of  the  body  plus 
canard  plus  tail  configuration  with  0-deg  deflections.  At  least  five 
basic  coefficients  were  extracted  from  the  seven  data  runs.  The  extracted 
coefficient  results  were  provided  to  NWC.  The  results  for  the  body  plus 
canard  plus  tail  configuration  with  0-deg  deflections  showed  that  the 
linear  roll  damping  moment  coefficient  (Cj,„)  increases  slightly  with 
angle  of  attack  up  to  about  20  deg,  as  preaicted.  However, 
at  30  deg,  the  coefficient  decreases  significantly.  The  induced  static 
roll  moment  (Ci{4y))  was  slightly  negative  at  5-deg  angle  of  attack 
and  increased  positively  with  increasing  angle  of  attack  through  30 
deg  as  expected. 

In  future  work,  body  plus  tail  and  body  plus  canard  configurations 
with  0 deg  deflections  will  be  analyzed  to  determine  canard,  tail,  and 
canard/tail  interference  contributions  to  the  roll  damping  of  a complete 
canard  missile  configuration.  In  addition,  the  body  plus  canard  plus 
tail  configuration  with  15-deg  pitch  control  deflections  will  be  analyzed 
to  determine  the  effect  of  a large  pitch  deflection  on  the  missile's 
roll  damping. 
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APPENDIX  A 


RUN  LOG  FOR  SUBSONIC  FREE-ROLLING  WIND  TUNNEL  TEST  OF 
CANARD-CONTROL  MISSILE 


Table  A-1.  Rxm  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued} 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1,  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Ccuiard-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1.  Rvin  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 


Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Stibsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 


22<>  [y/j  I 30  |l5.06  |527»0  1 113. 48| 2116. Sj  | 135  [state  r.p.m.  (small  oscillations  to  largq 


246  IX  0 IX  0 IX  5 IX  5 I 20°  | 14.89  | 511.6  | U1.17|  2116.0} | 0 1 0 to  steady-state 


O O O O 

<!  O wl  O O O »A 


r\*o  I X*'^!  X*^l  X“^l  X“^  X*^l  X«^  I 

H X I X.  I X I X ! ^ X I ^ X.  I X.  I 


.V  AcPv-psc  PC^NC 


pV  oV  oV 


Xo  I X®  X®  X®  I X® 
l®X  |oX  loX.  loX.  loX 


Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Caneurd-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 
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Test  of  Canard-Control  Missile  (Continued) 
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Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 


g J M- 
2 s .j  o 
a.  u M 

M > z A 


cn  1/^  (vj  00  00 

r>  CM  r«j 

CO  fo  «n  co  cn 

lA  <n  iT»  to  m »A  »A 


crt)  lA  sr|  tnj  to|  tn  I -.yj 


o o o o o o o 
O to  O tn  o to  o 

H t-t  CM  CM  cn 


z X 

o f*Xp 

M ^ H X 
J H O «o  \ 
M y w V ‘ " C 

< M Q X 

H J X t- 


K sX  sX  UX  sX  sX  sX 


X Xol  Xol  Xc>l  Xol  Xol  Xo! 

; ®X  I ^X  ©X  ®X  ®X  ®X  oX  I 


340  lx-  IX-  1/5  1/5  I O"  I 15. 0^  1517.1  I 112.391  211A.4I I 0 JO  to  staady-state  rate 


Table  A-1.  Run  Log  for  Subsonic  Free-Rolling  Wind  Tunnel 
Test  of  Canard-Control  Missile  (Continued) 


NOMENCLATURE 


Cgg  Roll  asymmetry  coefficients,  defined  in  Equation  (6) 

Roll  moment  coefficients,  defined  in  Equation  (6)  (see  Table  1) 
Roll  moment  coefficients,  defined  in  Equation  (5) 

Roll  moment  coefficient  (£/QSd) 

I Roll  moment  coefficient  variation  with  missile  spin  rate 
Linear  roll  damping  moment  coefficient 

jth  order  roll  damping  moment  coefficient,  defined  in  Equation  (4) 

(4Y)  Variation  of  roll  damping  moment  coefficient  with  roll  angle 
for  a four-finned  missile  (see  Table  1) 

iKy)  order  variation  of  roll  damping  moment  coefficient  with 

roll  angle  for  a four-finned  missile  (see  Table  1) 

Fin  cant  roll  moment  coefficient 

Variation  of  fin  cant  mcMnent  with  roll  angle  for  a four-finned 
missile  (see  Table  1) 

iKY)  order  variation  of  fin  cant  moment  with  roll  angle  for 

a four-finned  missile  (see  Table  1) 

Roll  moment  coefficient  variation  with  roll  angle 

•j  Induced  rolling  moment  coefficient  for  a four-finned  missile 

order  induced  rolling  moment  coefficient  for  a four-finned 
missile,  defined  in  Equation  (3)  (see  Table  1) 

Missile  reference  diameter 

Missile  axial  moment  of  inertia 

Missile  spin  rate,  p = Y 

Dynamic  pressure 


Missile  reference  area 


Sji^  Roll  inc»nent  coefficient,  defined  in  Bquaticm  (6)  (see  Table  1) 

V Free-stteam  velocity 

a Angle  of  attack 

Y Roll  orientation  angle,  measured  between  reference  fin  Mo.  1 
and  normal  ccHnponent  of  missile  velocity  vector 

Yq  Initial  roll  orientation  angle 

6 Fin  cant  angle 

^C1  Canard  deflection  angles,  defined  in  Figure  4 > 

®C2 

*C3 

<SC4 

®Tl  Tail  fin  deflection  (cant)  angles,  defined  in  Figure  4 
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6t3 

6t4 


B-2 


DISTRIBUTION 


Commander 

Naval  Air  Systems  Command 
Washington,  DC  20360 
ATTN;  AIR-320,  Mr.  Bill  Vol2 
AIR-320,  Dr.  H.  Mueller 
Technical  Library 

Commander 

Naval  Weapons  Center 
China  Lake,  CA  93555 
ATTN:  Code  4063,  Mr.  Ray  Van  Aken 

Code  4063,  Mr.  R.  E.  Meeker 
Code  4063,  Mr.  R.  M.  Rogers 
Technical  Library 

Army  Air  Mobility  Research  and  Development  Laboratory 

Ames  Directorate 

NASA,  Ames  Research  Center 

Moffett  Field,  CA  94035 

ATTN:  F.  Lazzeroni  (Mail  Stop  N2I6) 

G.  Laub  (Mail  Stop  N216) 

Commander 

Naval  Sea  Systems  Command 
Washington,  DC  20360 
ATTN;  SEA-03,  Mr.  Lionel  Pasiuk 
Technical  Library 

Commander 

Naval  Material  Command 

Washington,  DC  20360 

ATTN;  Mr.  Sid  Jacobson  (MAT-032) 

Dr.  John  Huth 
Technical  Library 

Commander 

Pacific  Missile  Test  Center 
Point  Mugu,  CA  93041 
ATTN:  Mr.  Joe  Rom 

Technical  Library 


DISTRIBUTION  (Continued) 


Cononander 

Naval  Ship  Research  and  Development  Center 
Washington,  DC  20007 
ATTN;  S.  Gottlieb 
Martin  Cook 
Technical  Library 

Chief  of  Naval  Research 
Department  of  the  Navy 
Washington,  DC  20360 
ATTN;  Technical  Library 

Commander 

Pacific  Missile  Test  Center 
U.S.  Naval  Missile  Center 
Point  Mugu,  CA  93041 
ATTO;  Technical  Library 

Director 

Naval  Strategic  Systems  Projects  Office  (M-l) 
Department  of  the  Navy 
Washington,  DC  20360 
ATTN:  Technical  Library 

Superintendent 
U.S.  Naval  Academy 
Annapolis,  MD  21402 
ATTN:  Head,  Weapons  Department 

Head,  Science  Department 
Technical  Library 

Superintendent 

U.S.  Naval  Postgraduate  School 
Monterey,  CA  95076 

ATTN;  Head,  Mechanical  Engineering  Department 
Head,  Department  of  Aeronautics 
Technical  Library 

Officer  in  Charge 

U.S.  Naval  Scientific  and  Technical  Intelligence  Center 
U.S.  Naval  Observatory 
Washington,  DC  20360 
ATTN;  Technical  Library 


DISTRIBUTION  (Continued) 


Conunander 

Naval  Weapons  Center 
Corona  Laboratories 
Corona,  CR  91720 
ATTN:  Technical  Library 

Office  of  Naval  Research 
Pentagon 

Washington,  DC  20350 
ATTN:  Dr.  R.  J.  Lundegard 

Hr.  Dave  Seigel 
Dr.  Bob  Whitehead 
Mr.  Hort  Cooper 
Mr.  Ralph  Cooper 
Technical  Library 

Officer  in  Charge 
Carderock  Laboratory 

Naval  Ship  Research  and  Development  Center 
Bethesda,  MD  20034 
ATTN:  Technical  Library 

Deputy  Chief  of  Naval  Operations 
(Developmait) 

The  Pentagon 
Washington,  DC  20350 
ATTN:  Technical  Library 

Commanding  Officer 
Naval  Air  Development  Center 
Warminister,  PA  18974 
ATTN:  Technical  Library 

Commanding  Officer 
Naval  Air  Engineering  Center 
Aeronautical  Structures  Department 
Lakehurst,  NJ  19112 
ATTN:  Technical  Library 


DISTRIBUTION  (Continued) 


Commanding  Officer 
Naval  Ordnance  Station 
Indian  Head,  MD  20640 

ATTN;  Technical  Library  (2) 

Cononandant  of  the  Marine  Corps 
Headquarters,  Marine  Corps 
Washington,  DC  20380 

ATTN:  Technical  Library  (2) 

Director,  Development  Center 

Marine  Corps  Development  and  Education  Command 

Quant ico,  VA  22134 

Chief  of  S and  R Division 
Developnent  Center 

Marine  Corps  Development  and  Education  Command 
Quant ico,  VA  22134 

Chief  of  Air  Operations  Division 
Development  Center 

Marine  Corps  Development  and  Education  Command 
Quantico,  VA  22134 

Chief  of  Ground  Operations  Division 
Development  Center 

Marine  Corps  Development  and  Education  Commemd 
Quantico,  VA  22134 

Marine  Corps  Liaison  Officer 
Field  Artillery  Board 
Fort  Sill,  OK  73503 

ATTN;  Technical  Library  (2) 

Commanding  General 
Ballistic  Research  Laboratory 
Aberdeen  Proving  Ground,  MD  21005 
ATTN:  Dr.  C.  H.  Murphy 

Mr.  L.  McAllister 
Dr.  A.  Platou 
Mr.  B.  McCoy 

Technical  Library  (2) 


OZSTRlBUTKXi  (Continued) 


Commanding  General 
Picatinny  Arsenal 
Dover,  NJ  07801 
ATTN;  Mr.  A.  Loeb 
Mr.  Mertz 
M.  Cline 

Technical  Library  (2) 

Cor..';.anding  General 
U.S.  Army  Missile  Command 
Redstone  Arsenal,  AL  35809 
ATTN;  Mr.  Ray  Deep  (DRail) 

Dr.  D.  J.  Spring  (DRSMI) 

Technical  Library  (2) 

Commanding  General 

U.S.  Army  Material  Command  AMCRD-TP 

Washington,  DC  20315 

ATTN;  Technical  Library  (2) 

Office  of  Chief  of  Research  and  Development 
Washington,  DC  20310 

ATTN;  Technical  Library  (2) 

Commanding  Officer 
Army  Chemical  Center 
Edgewood,  MD  21040 

ATTN;  Technical  Library  (2) 

Commanding  General 
Frankford  Arsenal 
Philadelphia,  PA  19104 
ATTN:  Mr.  W.  Gadomski 

Technical  Library  (2) 

Connanding  Officer 
Harry  Diamond  Laboratories 
Washington,  DC  20013 

ATTN:  Technical  Library  (2) 

Commanding  Officer  of  U.S.  Army  Combat  Development  Connand 
Field  Artillery  Agency 
Fort  Sill,  OK  73503 

ATTN:  Technical  Library  (2) 


DISTRIBUTION  (Continued) 


President  of  O.S.  Army  Field  Artillery  Board 
Fort  Sill,  OK  73503 
hTTSi  Technical  Library 

Aeronautical  Research  Laboratory 
Wright-Patterson  Air  Force  Base 
Dayton,  OH  45433 
ATTN:  Technical  Library 

Aeronautical  System  Division 
OSAF 

Wright-Patterson  Air  Force  Base 

Dayton,  (ffl  45433 

ATTN:  Technical  Library 

AF  Office  of  Scientific  Research 
Washington,  DC  20330 
ATTN:  Technical  Library 

Arnold  Engineering  Development  Center 
DSAF 

Tullahoma,  TN  37389 
ATTN;  Mr.  J.  Uselton 
Mr.  L.  M.  Jenke 
Mr.  W.  B.  Baker,  Jr. 

Technical  Library 

Headquarters,  USAF 
Systems  Command 

Andrews  Air  Force  Base,  MD  20331 
ATTN:  Technical  Library 

Headquarters,  DSAF 
Washington,  DC  20330 
ATTN;  Technical  Library 

Flight  Research  Center 

Edwards  Ait  Force  Base,  CA  93523 

ATTN;  Technical  Library 

Air  Force  Rocket  Propulsion  Laboratory  (AFSC) 
Department  of  the  Air  Force 
Edwards,  CA  93523 
ATTN;  Major  Washburn 


(2) 


<2) 


(2) 


(2) 


(3) 


(2) 


(2) 


(2) 


DISTRIBUTIC»(  (Continued) 


U.S.  Air  Force  Systems  Command  Regional  Offices 
c/o  Department  of  the  Navy 
Washington^  DC  20360 
ATTN:  Technical  Library 

AFATL  (ADLRA) , (DLGC) 

Eglin  Air  Force  Base,  FL  32542 
ATTN:  Dr.  Daniel 

Mr.  C.  Butler 
Mr.  C.  Matthews 
Mr.  K.  Cobb 
Mr.  E.  Sears 
Technical  Library 

OSAF  Academy 

Colorado  Springs,  00  80912 
ATTN:  Technical  Library 

Wright  Air  Development  Center/AFFDL 
Wright-Patterson  Air  Force  Base,  OH  45433 
ATTN:  Mr.  E.  Flinn  (FGC) 

Dr.  G.  Kurylowich  (FGC) 

Technical  Library 

Applied  Physics  Laboratory 
The  John  Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring,  MD  20910 
ATTN:  Dr.  L.  L.  Cronvich 

Mr.  Edward  T.  Marley 
Dr.  Gordon  Dugger 
Technical  Library 

Advanced  Research  Projects  Agency 
Department  of  Defense 
Washington,  DC  20305 
ATTN:  Technical  Library 

Director 

Defense  Research  and  Engineering 
Department  of  Defense 
Washington,  DC  20305 
ATTN:  Technical  Library 


DISTRlBUTI(»i  (Continued) 


George  C.  Marshal  Flight  Center 
Huntsville,  AL  35804 
ATTN:  Technical  Library 

NASA  Goddard  Space  Center 
Greenbelt,  MD  20771 
ATTN:  Technical  Library 

NASA  Lewis  Research  Center 
Cleveland,  OH  44101 
ATTO:  Technical  Library 

NASA 

Washington,  DC  20546 
ATTN:  Technical  Library 

NASA  Ames  Research  Center 
Moffett  Field,  CA  94035 
ATTN:  Mr.  Vic  Peterson 

Mr.  John  Rakich 
Technical  Library 

NASA  Langley  Research  Center 
Langley  Station 
Hampton,  VA  23365 
ATTN:  Mr.  Bud  Bobbitt 

Mr.  Jerry  South 
Mr.  Leroy  Spearman 
Mr.  C.  M.  Jackson,  Jr. 

Mr.  W.  C.  Sawyer 
Technical  Library 

Virginia  Polytechnic  Institute  and  State  University 
Department  of  Aerospace  Engineering 
Blackburg,  Virginia  24060 
ATTN:  Prof.  J.  A.  Schetz 

Technical  Library 

Stanford  Research  Institute 
Menlo  Park,  CA  94025 
ATTN:  Dr.  Milton  Van  Dyke 

Technical  Library 


DISTRIBUTION  (Continued) 


Raytheon  Company 
Spencer  Laboratory 
Burlington,  MR  01803 
ATTN:  Steve  Pealsing 

Box  SL  7182 

North  Carolina  State  University 

Department  of  Mechanical  and  Aerospace  Engineering 

Box  5246 

Raleign,  NC  27607 
ATTN:  Prof.  F.  R.  DeJarnette 

Technical  Library 

The  University  of  Tennessee  Space  Institute 
Tullahoma,  TN  37388 
ATTN:  Dr,  J.  M.  Wu 

Technical  Library 

Director  Defense  Research  emd  Engineering 

Department  of  Defense 

Washington,  DC  20301 

ATTN:  Bartley  Osborne,  R&AT  Office 

Dr.  Jim  Zerikos 

McDonnell  Douglas  Astronautics  Company  (West) 

5301  Bolsa  Avenue 
Hunington  Beach,  CA  92647 
Mall  Station  13-2 

Mr.  B.  H.  Shirley 

Lockheed  Missiles  & Space  Co. , Inc. 

P.  0.  Box  1103,  W.  Street 
Huntsville,  AL  35807 

Or.  Lars  E.  Erisson 

Lockheed  Missiles  & Space  Co.,  Inc. 

Department  81-10,  Bldg.  154 
Sunnyvale,  CA  94088 

Nielsen  Engineering  and  Research,  Inc. 

510  Clyde  Avenue 
Mountain  View,  CA  94043 


DISTRIBUTION  (Continued) 

Mr.  V.  L.  Planta 
Senior  Project  Engineer 
P.  0.  Box  1201 
San  Jose,  CR  95108 

Defense  Documentation  Center 
Cameron  Station 
Alexandria,  VA  22314 

Library  of  Congress 

Washington,  DC  20390 

ATTN:  Gift  and  Exchange  Division 

Defense  Printing  Service 
Washington  Navy  Yard 
Washington,  DC  20374 

Califronia  Polytechnic  Institute 
Aeronautical  Engineering  Department 
San  Luis  Obispo,  CA  93407 
ATTN:  Dr.  John  D.  Nicola ides 


Local: 

DG 

DG-04 

DG-44 

DK 

DK-01 

DK-20 

DK-21  (10) 

DK-50 

DN 

DN-80 

DX-21  (2) 

DX-222  (6) 

DX-40 

DX-43  (Shea) 

WA 

WA-20  (Mr.  B.  Piper) 
WA-20  (Mr.  G.  Graff) 
WA-30 
WA-40 

WA-40  (Mr.  S.  Hastings) 
WA-40  (Dr.  J.  Goeller) 


O 


DISTRIBOTION  (Continued) 


Local: 

WA-40  (Dr.  N.  Sheetz) 
WA-40  (Dr.  J.  Solomon) 
WA-40  (Mr.  F.  Baltakis) 
WA-41  (P.  J.  Regan) 
WA-42  (M.  V.  Krumins) 
WA-50 
WR 

WX-40 


I 

I 

i' 


